ABSTRACT AlGaN channel high electron mobility transistors (HEMTs) are the potential next step after GaN channel HEMTs, as the high aluminum content channel leads to an ultra-wide bandgap, higher breakdown field, and improved high temperature operation. Al 0.85 Ga 0.15 N/Al 0.7 Ga 0.3 N (85/70) HEMTs were operated up to 500 • C in ambient causing only 58% reduction of dc current relative to 25 • C measurement. The low gate leakage current contributed to high gate voltage operation up to +10 V under V ds = 10 V, with I ON /I OFF ratios of > 2 × 10 11 and 3 × 10 6 at 25 and 500 • C, respectively. Gate-lag measurements at 100 kHz and 10% duty cycle were ideal and only slight loss of pulsed current at high gate voltages was observed. Low interfacial defects give rise to high quality pulsed characteristics and a low subthreshold swing value of 80 mV/dec at room temperature. Herein is an analysis of AlGaN-channel HEMTs and their potential future for high power and high temperature applications.
I. INTRODUCTION
The established wide bandgap semiconductors GaN and SiC have superior material properties over Si and GaAs for use in high power and high frequency applications. GaN and SiC devices are being used in power conditioning systems, including pulsed power for avionics and electric ships, solid-state drivers for heavy electric motors, and advanced power management and control electronics. These power devices offer potential savings in both energy and cost because of their higher efficiency and power densities. Further improvements to high power switching devices include enhancing the breakdown field and the environmental operation regime [1] - [4] . To satisfy this demand, shifting from traditional GaN channel high electron mobility transistors (HEMTs) to AlGaN channel HEMTs is an attractive option for improving the power handling of the devices under extreme operation [1] - [13] . These new AlGaN channel devices are classified under the title of "ultra" wide bandgap materials (UWBG). The term can encompass any material with a bandgap larger than GaN (3.4 eV) such as AlN (6.2 eV) or Ga 2 O 3 (4.9 eV).
One of the challenges of implementing these new AlGaN channel HEMTs is realizing low contact resistance. The two primary approaches have been through Si implantation [14] and selective growth of graded AlGaN [12] , [15] - [18] . For the latter, low-damage etch processes are also needed [19] . The disadvantage of any impurity-doped HEMT is the effect of impurity scattering in high frequency operation, lowering the channel mobility and sheet carrier density [20] - [22] . High-quality selective regrowth for Ohmic contacts is not yet a widely used method as it presents further manufacturing difficulties but provides a method for low resistance contacts for high-frequency operation.
Al 0.85 Ga 0.15 N/Al 0.7 Ga 0.3 N HEMTs and other high aluminum content HEMTs have strong potential for future power and switching applications. One of the key reasons to pursue the high aluminum content is that the barrier layer becomes more insulator-like as the bandgap increases, further improving high junction temperature operation. Previous works have demonstrated excellent performance in both GaN and AlGaN channel devices with UWBG barrier layers at elevated temperatures [3] , [4] , [8] , [23] - [25] . Additionally, use of the Al 0.85 Ga 0.15 N/Al 0.7 Ga 0.3 N heterostructure benefits from a high-quality interface, due to almost perfect lattice matching as there is only a mild difference in aluminum content between barrier and channel layers [26] . Additionally, lower threading dislocation density is achieved through growth on AlN substrates as opposed to bare sapphire [27] . AlN has some advantages relative to GaN, as shown in Table 1 , including a high breakdown electric field (12 MV/cm) and a high thermal conductivity (2.9 W/cm·K). While the calculated thermal conductivity of AlGaN is low, by using AlN as the growth substrate, device self-heating can be reduced. From a simple consideration of the physical properties, AlN-based devices may appear to be superior; however, they have particular difficulty with the formation of low resistance Ohmic contacts, thus the use of AlGaN alloys is beneficial [6] , [28] , in particular, AlGaN-channel HEMTs grown on AlN benefit from low leakage current, high ON/OFF ratio, and low subthreshold swing due to the commensurate growth structure [6] - [9] .
In this work, DC and pulsed characteristics of Al 0.85 Ga 0.15 N/Al 0.7 Ga 0.3 N HEMTs were explored from 25-500 • C in ambient. The devices were characterized by analyzing their mobility, subthreshold slope, peak saturation current, and other relevant device parameters. These results further extend previous results on device operation to 200 • C and demonstrate the excellent performance of Al 0.85 Ga 0.15 N/Al 0.7 Ga 0.3 N HEMTs in the extreme temperature regime [9] .
II. DEVICE FABRICATION AND TESTING
The HEMT samples were prepared by metal organic chemical vapor deposition (MOCVD) on sapphire substrates. First, a 1.6 μm thick AlN nucleation and buffer layer were grown on the substrate. Then a 50 nm transition layer from 100% aluminum to 70% aluminum was grown. Next, the 400 nm Al 0.7 Ga 0.3 N unintentionally-doped channel layer was grown, capped by the 25 nm Al 0.85 Ga 0.15 N barrier layer. The barrier layer was doped with Si at 3 × 10 18 cm −3 for forming Ohmic contacts. Contactless measurement of the 2DEG sheet resistance yielded 2200 /2, which combined with CV measurement gives a carrier density, n s , of 9 × 10 12 cm −2 . Circular HEMTs were fabricated with a gate length of 2 μm, and symmetric source/drain to gate spacing of 4 μm. The gate circumference was 660 μm. Planar Ti/Al/Ni/Au Ohmic contacts were deposited and subsequently annealed (ρ c = 2 × 10 −2 -cm 2 ). The gate was formed by deposition of Ni/Au into an opening on the 100 nm thick SiN dielectric to allow for edge termination. A device image is presented in Fig. 1 .
DC characterization was carried out using an Agilent 4156C parameter analyzer using Be/Cu probe tips. A Tektronix 370A Curve Tracer was used to collect high voltage I-V curves, with a maximum power setting of 2 W to protect the device. An Agilent B114A pulse generator and an Agilent DSO7054B oscilloscope were used to collect pulsed data. A Wentworth automated temperature control chuck was used to vary the chuck temperature from room temperature to 500 • C. At each temperature tested, a minimum of 5 minutes was allowed for the sample to reach uniform steady-state temperature before measurement was carried out. Due to convection, radiation, and imperfect contact of the wafer to the heating chuck, the deviations between the chuck and device temperature were 0, 2 and 5 • C at the chuck temperatures of 200, 400 and 500 • C, respectively, as confirmed by a contactless IR temperature probe. Then the device temperatures were adjusted to the set temperatures.
III. RESULTS AND DISCUSSION
In Fig. 2 , typical current-voltage characteristics are shown at select temperatures from room temperature to 500 • C. A unique characteristic of these n-channel HEMTs is the ability of the gate to enhance current flow (V g = +10 V) at moderately high V DS (> 10 V) before gate leakage current becomes significant (>100 nA). The knee voltages did not exhibit significant change during testing, indicating that the devices performance is primarily limited by Ohmic contact resistance [26] . This result is also confirmed by observation of the low-field region, as the drain I-V curves appears almost Schottky-like but upon heating becomes Ohmic as thermal energy becomes sufficient to lower the energy barrier of the quasi-Ohmic contacts. Approximately 58% reduction of total current flow from room temperature to 500 • C was observed and can primarily be attributed to a lower electron mobility. Fig. 3 presents a comparison of the experimentally observed electron mobility in the novel 85/70 structure along with a traditional low-electric-field (V gs = 2, 4, 6 V and V ds = 0 to 2 V) current-voltage characteristics through use of the following equation:
where V DS and I DS are the drain to source voltage and current, respectively. R S and R D are the source and drain resistances, L is the gate length, W is the channel width, d is the thickness of the barrier layer, ε is the dielectric constant, V GS is the applied gate voltage, and V OFF is the pinchoff voltage. To ensure accurate extraction of the low field mobility the result was compared to that of contactless C-V measurement. The mobility of the 85/70 device is expected to be lower than that of both GaN devices due to a larger effective electron mass. The predominant factors limiting the performance of the alloyed channel HEMT device are alloy scattering (A) and polar optical phonon scattering (PO). Thus, the discussion of the mobility will be limited to these two factors. For our purposes, the total mobility can be calculated as an inverse summation of the individual contributing mechanisms as described by Matthiessen's Rule:
The Harrison-Hauser expression was used to the describe the temperature dependence of alloy scattering [28] :
where q is the charge of an electron, h is Planck's constant, m* is the effective electron mass, E is the scattering potential taken as the difference in conduction band electron energies of the two binary alloys (e.g., AlN and GaN), and 0 is the unit cell volume. E is most commonly calculated by taking the difference in the electron affinities of the two materials. The Harrison-Hauser equation shows a direct T −1/2 relation of mobility to temperature; however, the electron mass is assumed to be constant which is not fully correct and is a limitation of the model. A result found by Hoffman et al. describes the effective electron mass in GaN channel HEMT structures to be strongly related to temperature [29] . Below 100 K, m* is approximately constant, and from 100K to 300K, m* nearly doubles. There was no report on the GaN m* above 300K. The effective electron mass increases with temperature due primarily to the reduction in the confinement of the 2DEG, which leads to the increased hybridization of the envelope wave function of the heterostructure conduction band edge [29] , [30] . Stradling and Wood found a similar case for narrow bandgap materials (InSb, InAs, and GaAs), and observed that the effective electron mass reaches a maximum value and then will begins to decrease with temperature [31] . For these narrow bandgap materials, the maximum effective electron mass value is reached at fairly low temperatures (< 100 K) [31] , [32] . It is quite possible that if Hoffman et al. had continued to measure effective electron mass at high temperatures, a maximum value of effective electron mass would have been reached, albeit at a high temperature in excess of 300 K.
To model PO scattering a result by Petritz and Scanlon was used and is given by:
where is the longitudinal optical phonon temperature, m 0 is the free effective electron mass, ε 8 is the high frequency relative dielectric constant, and ε s is the static relative dielectric constant. χ ( /T) is a temperature dependent factor that arises from use of the variational method to solve the Boltzmann equation for electronic conduction in a crystal in which scattering is due to polarization waves of the lattice and is defined by Howarth and Sondheimer [33] . Of note, both models do not account for 2DEG sheet density; this is acceptable for this study due to the wide bandgap of the channel material. The two-dimensional electron gas density in the GaN HEMT structures was found to primarily increase due to electron contributions from the bulk GaN of the HEMT structure [35] . Due to the higher bandgap of the AlGaN channel, electron contributions are expected to be much lower for the bulk material at elevated temperatures, thus the 2DEG density is basically constant. By comparing these two mechanisms over the tested temperature range, it is observed that PO scattering is the dominant limiting mechanism at elevated temperature and is much more temperature dependent than alloy scattering, Fig. 4 . At moderate temperatures, less than 250 K, alloy scattering will become dominant and this confirms the previous work by Coltrin et al. [5] , [6] . The experimental mobility fits fairly well to the modelled mobility but begins to deviate at very high temperatures. This deviation and kink in the experimental data at 350 • C is most likely due to gate metal reordering and nickel oxidation. To confirm this suspicion of gate metal reordering and nickel oxidation, TEM was performed, with results shown in Fig. 5 . The devices gate area is imaged in Fig. 5a and the area for elemental analysis outlined in a box. In Fig. 5b , elemental analysis confirms that gate metal reordering occurred, as the Au (marked with an arrow) is now in contact with the AlGaN barrier layer. It does not appear that the Au has penetrated and diffused into the barrier layer. Ni/Au is known to form island-like crystalline Ni-O and form a network of Au grains which will begin to diffuse to the barrier layer [36] . This potential reliability problem for hightemperature operation can be easily mitigated through use of refractory metals for the gate contact and by optimizing the gate metal thicknesses, which is the subject of future work.
As the gate provides modulation across the full temperature range, its characteristics were extracted next. In Fig. 6 , the zero bias SBH and Ideality Factor are plotted versus temperature. The SBH was extracted through use of the thermionic emission model:
where I 0 is the reverse saturation current, V is the applied voltage, n is the ideality factor, A is effective diode area, A** is the Richardson constant, and φ b is the SBH. The SBH of the 85/70 device increase significantly from room temperature to 500 • C. For the traditional GaN device, the SBH changes were much less due to surface potential pinning by the surface counter charges. With lower SBHs of traditional GaN device at elevated temperature, the gate leakage current is a limiting factor for performance for traditional devices. The shifts in the ideality factor and SBH at 350 • C are due to reordering of the gate metal as the elevated measurement temperature acts as a low-temperature anneal. It was observed that once the device had been heated to 350 • C or higher, the gates electrical characteristics underwent a permanent change and could not be recovered which was consistent with the STEM analysis in Fig. 5 . Lower test temperatures always gave full recovery to initial state. In Fig. 7 , the I ON /I OFF ratio of the devices are shown as a function of temperature and demonstrate the muchimproved performance of the 85/70 HEMT over the traditional GaN channel devices. The lower limit of the measurement system was reached for the 85/70 devices at room temperature and 50 • C at a current level of 1 fA, and the ratio is likely larger than what is reported. For the 85/70 device, the ratio decreases with temperature primarily because of leakage current. For the traditional devices, the leakage current became very large at high temperature, along with greater reduction in I ON . Only limited works have explored the extreme temperature operation of GaN 448 VOLUME 7, 2019
HEMTs above 200-300 • C as the devices lose the ability to be fully pinched off and are not suited for such applications [37] , [38] . The high I ON /I OFF ratio is quite promising for high temperature applications and can potentially bring great savings in cooling requirements for devices used for such purposes. The similar slope for all the devices can be attributed to the leakage current stemming from the same mechanism, Frenkel-Poole emission.
To further emphasize the capability of the 85/70 HEMT, the output resistance of the device was calculated at gate voltages of 2 V and 6 V (along the 1 W load line of drain I-Vs), with the result shown in Fig. 8 . Ideal MOSFET performance is achieved when the drain current is not influenced by drain to source voltage while operating in the saturation regime, i.e., infinite output resistance. A finite output resistance lowers the gain of the device and limits performance. For the 85/70 HEMT this ideal behavior is closer to being realized than for traditional HEMT, especially at high temperatures with resistances in the 100's of k . This further shows the superior performance of the AlGaN-channel HEMT at high temperatures.
To investigate the leakage current of the 85/70 devices, the activation energy of the gate-induced drain leakage current was extracted, as shown in Fig. 9a and Fig. 9b . Of note is that in Fig. 9a , the deep subthreshold voltage is relatively invariant across the measured temperature range. This result indicates that the 2DEG channel does not open or close slower regardless of heating, which is advantageous for simplifying circuit design as the same threshold voltage may be assumed regardless of operating temperature. An Arrhenius form was assumed to extract the activation energy. Two regimes were found, from 100 • C to 350 • C and 350 • C to 500 • C with activation energies E a = 0.63 eV and E a = 0.076 eV, respectively. For the 100 to 350 • C range the leakage mechanism is consistent with trap-assisted Poole Frenkel emission, as previously reported for these structures by Baca et al. [9] . For traditional GaN channel devices, Poole Frenkel current is the primary mechanism for leakage current, provided that bulk current is negligible [37] - [41] . For the high temperature regime, as the activation energy is very near zero (E a = 0.076 eV), a secondary mechanism is now dominant. This is likely bandto-band tunneling [42] , [43] . Band-to-band tunneling does not rely on mid-gap traps, but rather depends upon the bending of the conduction and valence band being large enough such that direct tunneling becomes possible. Deep-level transient spectroscopy or other similar defect spectroscopy techniques would be of use to further investigate the trapping mechanisms and to obtain precise measurement of trap energy levels. Previous work on AlGaN/GaN HEMT devices has explained this low trap activation energy by direct tunneling of electrons into near band edge defect states, followed by Pool-Frenkel activation of those captured electrons [41] .
To further verify the presence of interfacial traps, gatelag measurements were performed at 100 kHz and 10% duty cycle (1 μs pulses), as shown in Fig. 10 . Near ideal characteristics were observed at all temperatures, with only slight lowering at high gate voltages upon heating. The ideal matching of DC to pulsed current indicates that a highquality interface has been formed during growth of the HEMT structure, with minimal surface states. The subthreshold swing values were used to quantify the heterointerfacial traps present, as shown in Fig. 11 , using the relation:
where S is the subthreshold swing, C AlGaN is the capacitance of the AlGaN layer, and D it is the interfacial trap density. First, at room temperature a low subthreshold swing value of 80 mV/dec was observed, which is near the ideal value of 63 mV/dec. Across the temperature range, there are two distinct regions, namely 25 to 300 • C and 300 to VOLUME 7, 2019 449 
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• C with extracted trap densities of 2 × 10 11 cm −2 and 3 × 10 12 cm −2 , respectively. The increased trap density can also be attributed to thermal activation of mid-gap traps beginning at 300 • C. To investigate if gate metal reordering introducing additional the trap density, the sample was cooled back down to room temperature to see if the drain and gate IVs recovered. There were no changes for IVs observed until 350 • C indicating that the gate metal reordering did not occur until 350 • C. If gate metal reordering was predominant rather than heterointerfacial, it would be expected a third regime at 350 • C in Fig. 11 . As the third regime is not present, this effect is likely negligible.
IV. CONCLUSION
The novel Al 
